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The  morphology,  structures  and  CO  chemisorptive  properties  of  ultra-thin  Ni  films  on  a  Mod  10)  surface  have  been  studied 
using  Auger  electron  spectroscopy  (AES),  low  energy  electron  diffraction  (LEED).  temperature  programmed  desorption  (TPD). 
and  infrared  reflection  absorption  spectroscopy  (IRAS).  It  is  found  that  Ni  grows  laver-by-layer  on  Mod  10)  at  a  sample 
temperature  of  1 15  K;  however.  up<in  annealing  to  >  600  K.  Ni  multilayers  form  three-dimensional  clusters.  The  Ni  TPD  spectra 
showi  two  peaks  corresponding  to  desorption  from  Ni  3D  clusters  and  a  2D  uniform  monolayer,  respectively.  Two  LEED  structures. 
(8  X  2)  and  (7  x  2),  are  observed  for  Ni/No(110)  and  are  attributed  to  Ni  overlayers  with  distorted  Ni(lll)  lattices.  The  (8  x  2) 
phase  is  found  to  transform  to  the  (7  x  2)  phase  at  a  Ni  coverage  of  ~  1  monolayer.  This  phase  transition  is  also  observable  in  the 
CO  IR  spectra.  CO  adsorbed  on  the  (8  X  2)  and  (7  x  2)  Ni  structures  shows  characteristic  stretching  frequencies  at  2087  and  2065 
cm”',  respectively.  In  addition,  the  formation  of  the  Ni(7  x  2)  structure  from  disordered  Ni  is  also  reflected  in  the  CO  IR  spectra. 
The  enthalpy  difference  between  the  (7  x  2)  and  the  '  sordeted  phases  is  determined  to  be  3.S  kcal/mol  with  the  (7  x  2)  phase 
being  more  stable.  Upon  the  deposition  of  Ni  onto  CO/Mo(110)  at  80  K.  CO  is  found  to  spill-over  from  the  Mo  substrate  onto  the 
Ni  overlayer  resulting  in  a  CO/Ni/MofllO)  structure.  Finally.  IR  spectra  of  CO  on  Ni/Mo(110)  surfaces  as  a  function  of  CO 
coverage  and  annealing  temperature  are  presented  and  discussed  in  terms  of  surface  structure  and  CO  mobility. 


1.  Introduction 

Recently  considerable  scientific  attention  has 
been  directed  toward  the  study  of  bimetallic  sys¬ 
tems  [l-ll].  In  these  studies,  the  properties  of 
metal-metal  interfaces  have  been  explored  using 
a  variety  of  surface  science  technique.s.  It  has 
been  shown  that  ultra-thin  metal  films  usually 
have  different  structural,  electronic  and 
chemisorptive  properties  compared  to  those  of 
the  bulk  metal  surface  [1-4J.  For  example,  sub- 
monolayer  Ni  and  Pd  overlayers  grow  pseudo- 
morphically  on  a  WdlO)  substrate,  i.e.,  they  as¬ 
sume  the  substrate  lattice  rather  than  their  typi¬ 
cal  bulk  structures  [2.3].  In  addition.  X-ray  photo- 
electron  spectroscopic  (XPS)  studies  have  shown 
that  these  metal  monolayers  are  electronically 
perturbed  relative  to  the  surface  atoms  in  the 
corresponding  bulk  metal  [1],  Furthermore,  CO 

'  Prevent  address;  Frank  J,  Seiler  Research  Laboratory 
(FJSRL/NC).  2.354  Vandenburg  Dr..  Suite  2A3.5,  USAF 
Academy.  CD  80840,  USA. 

^  To  whom  correspondence  should  he  addressed. 


adsorbed  onto  bimetallic  surfaces  exhibits  signifi¬ 
cant  absorption  energy  changes  compared  to  CO 
on  the  corresponding  bulk  metal  surface  [1-3). 

In  a  recent  study  using  Auger  electron  spec¬ 
troscopy  (AES),  low  energy  diffraction  (LEED) 
and  work  function  measurements,  it  was  reported 
that  Ni  forms  two  structures  ((8  X  2)  and  (7  X  2)) 
on  a  Mod  10)  surface  at  room  temperature  [9], 
The  (8  X  2)  structure  was  found  to  transform  into 
the  (7  X  2)  structure  as  Ni  coverage  increased 
from  0.74  to  1.29  monolayers  (ML).  This  transi¬ 
tion  was  shown  to  correlate  with  a  work  function 
increase  of  '  0.26  eV.  An  additional  study  has 
shown  that  the  atoms  in  a  monolayer  of  Ni  on 
Mod  10)  are  significantly  perturbed  relative  to] 
the  surface  atoms  of  Ni(lOO)  [10]. 

Recently,  we  have  studied  ultra-thin  Ni  films] 
on  a  Mod  10)  surface  using  AES,  LEED.  temper-j 
aturc  programmed  desorption  (TPD),  and  in-T 
frared  reflection  absorption  spectroscopy  (IRAS  J 
The  results  will  be  reported  and  discussed  in  thij 
paper  with  the  objective  being  to  understand  th| 
morphological,  structural  and  CO  chemisorptivl 
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properties  of  ultra-thin  Ni  films.  The  understand¬ 
ing  of  the  Ni-Mo  bimetallic  system  is  of  practical 
importance  since  Ni-Mo  bimetallics  supported 
on  alumina  are  used  extensively  as  catalysts  for 
hydro-desulfurization  reactions  [12], 


2.  Experimental 

The  experiments  were  carried  out  in  two  con¬ 
ventional  ultra-high  vacuum  chambers.  One  was 
equipped  for  LEED,  AES  and  TPD,  and  the 
other  for  IRAS,  LEED  and  AES.  These  two 
systems  have  been  described  in  detail  previously 
[13,14].  The  sample  was  spot-welded  onto  two  0.5 
mm  Ta  wires  which  allowed  resistive  heating  to 
1500  K  and  cooling  to  90  K.  In  addition,  the 
sample  could  be  heated  to  2300  K  using  e-beam 
heating.  A  W/5%Re-W/26%Re  thermocouple 
was  spot-welded  to  the  sample  edge  for  tempera¬ 
ture  measurement. 

The  Mod  10)  surface  was  cleaned  using  the 
procedure  described  in  ref.  [15].  Surface  carbon 
was  removed  by  repeated  cycles  of  oxidation  (1200 
K,  10"’  Torr  O2)  and  annealing  of  the  sample  to 
1900  K  in  vacuum.  After  this  procedure,  AES 
indicated  a  clean  surface  (atomic  O,  S,  and  C  < 
1%),  and  LEED  exhibited  a  sharp  sub.strate  pat¬ 
tern  with  low  background  intensity. 

The  Ni  deposition  was  performed  by  resistively 
heating  a  W  filament  wrapped  with  high  purity  Ni 
wire.  Prior  to  each  metal  deposition,  the  source 
was  degassed  extensively.  AES  showed  that  less 
than  one  atomic  percent  C  and  O  accumulated 
on  the  surface  during  the  metal  deposition. 

Ni  coverages  were  determined  using  Ni  TPD 
area  analysis  and  one  Ni  atom  per  substrate  atom 
is  defined  as  one  monolayer  (ML).  All  TPD  spec¬ 
tra  were  acquired  using  a  ~  10  K/s  heating  ramp 
rate. 


3.  Results  and  discussion 

3.1.  AES  of  Ni  on  Mod  10) 

Ni  deposited  onto  a  Mo(llO)  surface  at  a  sam¬ 
ple  temperature  (TJ  of  1 15  K  was  found  to  grow 


layer-by-layer  (the  Frank-Van  der  Merwe  mech¬ 
anism).  At  temperatures  >  600  K,  multilayer  Ni 
forms  a  uniform  layer  covered  by  three-dimen¬ 
sional  (3D)  clusters  (Stranski-Krastanov  (SK) 
mechanism).  Fig.  1  shows  the  Ni(848  eV)/Mo(186 
eV)  AES  ratio  as  a  function  of  annealing  temper¬ 
ature.  The  Ni  was  deposited  onto  the  Mod  10) 
surface  at  115  K  and  then  annealed  to  the  indi¬ 
cated  temperatures.  In  fig.  1,  the  AES  ratio  at  a 
Ni  coverage  (0^;)  of  0.95  ML  is  essentially  un¬ 
changed  upon  annealing  to  ~  800  K,  indicating 
that  during  annealing,  the  submonolayer  Ni  re¬ 
mains  as  a  uniform  2D  layer.  Fig.  1  also  shows 
that  annealing  Ni  multilayers  to  T,  >  600  K  de¬ 
creases  the  AES  ratio  considerably,  indicating 
either  the  formation  of  3D  Ni  clusters  or  alloying 
at  the  Ni-Mo  interface  [3,7-9].  As  will  be  seen, 
the  Ni  TPD  spectra  show  a  peak  characteristic  of 
the  sublimation  from  3D  Ni  clusters  discounting 
the  possibility  of  alloying  between  the  Ni  multi¬ 
layers  and  Mo  substrate.  The  small  increase  in 
the  Ni/Mo  AES  ratios  at  320-600  K  in  fig.  1  is 
due  to  dispersion  of  small  Ni  3D  clusters  into  a 


TEMPERATURE  (K) 

Fig.  1.  The  Ni(848  eV)/Mo(186  eV)  AES  ratios  as  a  (unction 
of  annealing  temperature.  The  Ni  was  deposited  onto  the 
Mod  10)  surface  to  the  indicated  coverages  at  11.'  K. 
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2D  film.  The  formation  of  small  3D  clusters  at  90 
K  and  their  dispersion  at  elevated  temperatures 
are  also  indicated  in  the  CO  IR  spectra. 

3.2.  TPD  of  Ni  on  Mo(llO) 

TPD  spectra  of  Ni  on  Mo(llO)  are  presented 
in  fi^.  2.  Ni  was  deposited  onto  the  Mo(llO) 
surface  at  115  K.  Two  desorption  states  in  fig.  2 
are  evident  and  labeled  /3,  and  ^2  with  the  /3| 
state  showing  a  common  leading  edge  character¬ 
istic  of  zero-order  kinetics.  Using  an  Arrhenius 
plot,  the  desorption  activation  energy  {EJ  for  the 
/3,  state  is  estimated  to  be  91  kcal/mol.  This 
value  agrees  well  with  the  bulk  Ni  sublimation 
energy  of  94  kcal/mol  [16].  The  spectra  in  fig.  2 
are  typical  for  thin  metal  films  in  which  the  metal 
atoms  form  a  uniform  layer  covered  by  3D  clus¬ 
ters  (SK  growth).  The  and  states,  there¬ 
fore,  correspond  to  desorption  from  3D  Ni  clus¬ 
ters  and  the  uniform  Ni  monolayer,  respectively. 
Alloy  formation  between  Ni  and  the  Mo  sub¬ 
strate  is  thus  unlikely. 

3.3.  LEED  structures  of  Ni  on  Mo(UO) 

The  deposition  of  Ni  at  115  K  and  subsequent 
annealing  to  ~  500  K  induces  two  LEED  pat¬ 
terns.  From  0.42  to  0.95  ML,  an  (8  X  2)  structure 
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Fig.  2.  Thermal  desorption  spectra  of  Ni  from  Mod  10).  Ni 
was  deposited  onto  the  Mot  110)  surface  to  the  indicated 
coverages  at  115  K:  (a)  0.54  ML,  (b)  2.37  ML,  (c)  4.03  ML, 
and  td)  5.93  ML. 
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•  FROM  Mo  (7x2) 

•  NI  INDUCED 

Fig.  3.  (a)  The  schematic  drawing  of  the  (7  x  2)  LEED  pattern 
of  Ni  on  a  Mod  10)  surface.  The  (7x2)  structure  of  Ni/ 
Mod  10)  in  real  space.  The  open  and  filled  circles  represent 
Mo  and  Ni  atoms,  respectively. 


is  evident,  and  for  ^  )  ML.  a  (7  x  2)  struc¬ 
ture  appears.  A  schematic  drawing  of  the  (7  x  2) 
LEED  pattern  is  shown  in  fig.  3a.  Fig.  3b  is  a  real 
space  representation  of  the  (7  x  2)  structure.  The 
open  and  filled  circles  represent  Mo  and  Ni 
atoms,  respectively.  In  fig.  3a,  there  arc  6  satellite 
spots  between  two  integral  spots  along  the  <001) 
direction.  This  pattern  is  assigned  as  (7  X  2)  rela¬ 
tive  to  the  lattice  parameters  C,  and  Cj.  For  the 
(8  X  2)  pattern,  there  are  7  satellite  spots,  instead 
of  6,  between  the  two  integral  spots  along  the 
(001)  direction.  The  (7  X  2)  pattern  remains  visi¬ 
ble  even  when  multilayers  (~6  ML)  of  Ni  are 
present.  These  LEED  results  agree  with  previous 
work  that  also  reported  the  (8  x  2)  and  (7  X  2) 
patterns  and  the  structural  phase  transition  at  Ni 
coverages  between  0.74  and  1.29  ML  [9].  The 
(8  X  2)  structure  was,  however,  reported  to  be 
metastable  and  not  observed  by  LEED  for  Ni 
deposition  and  LEED  observation  at  600  K  [9]. 

Similar  structures  have  been  observed  for 
Co/Mo(110)  and  Ni/W(I10),  where  the  over- 
layer  atoms  were  interpreted  to  assume  distorted 
Co(OOOl)  and  Ni(Ill)  lattices,  respectively  [2,9]. 
The  (8  X  2)  and  (7  X  2)  Ni  structures  are,  there¬ 
fore,  identified  as  corresponding  to  distorted 
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Ni(lll)  phases.  The  fractional  spots  are  induced 
by  electron  beam  double  diffraction  [17].  In  real 
space  (fig.  3b),  the  lattice  of  the  Ni(7  X  2)  struc¬ 
ture  matches  that  of  the  Mod  10)  .surface  in  the 
(llO)  direction.  In  the  (001)  direction,  however, 
every  9th  Ni  atom  coincides  with  every  7th  Mo 
atom.  The  lattice  constants  for  the  Ni(7  X  2) 

o 

structure  are  calculated  to  be  2.448  and  2.540  A, 
compared  to  2.492  A  for  a  Ni(lll)  .surface.  Thus, 
the  differences  in  the  lattice  constants  between 
the  Ni(7  X  2)  structure  and  a  Ni(lll)  surface  are 
only  1.8%  and  1.9%.  respectively.  The  Ni(8  x  2) 
overlayer  has  a  structure  similar  to  the  (7  x  2)  but 
with  lattice  constants  of  2.518  and  2.557  A,  re¬ 
spectively.  The  Ni  coverages  of  the  (8  X  2)  and 
(7  X  2)  structures  on  Mod  10)  are  1.250  and  1.286 
ML,  respectively  while  the  density  of  a  Ni(lll) 
surface  corresponds  to  1.303  ML.  As  will  be  seen, 
the  (8  X  2)  to  (7  X  2)  phase  transition  clearly  cor¬ 
relates  with  an  abrupt  change  in  the  CO  IR 
spectra. 

It  is  noteworthy  that  the  (7  x  2)  structure  re¬ 
mains  visible  at  Ni  coverages  as  high  as  5  ML. 
TPD  and  AES  measurements,  however,  indicate 
the  formation  of  3D  Ni  clusters.  Apparently,  these 
3D  clusters  grow  epita.xially  with  the  Ni(lll)  face 
parallel  to  the  substrate  surface,  and  the  LEED 
spots  from  the  3D  clusters  overlap  with  those  of 
the  (7  X  2)  structure. 

3.4.  TPD  spectra  of  CO  on  Ni  /  Moil  10) 

Fig.  4  shows  the  TPD  spectra  of  CO  from 
Ni/Mo(110)  at  the  indicated  Ni  coverages.  The 
Ni  was  deposited  onto  Mod  10)  and  then  dosed 
with  20  L  of  CO  at  T",  =  1 15  K.  At  a  Ni  coverage 
of  1.0  ML,  the  CO  desorption  features  from  the 
Mod  10)  substrate  have  been  greatly  diminished, 
while  two  new  peaks  (y,  and  y-)  at  380  and  825 
K  appear.  For  3.05  ML  of  Ni,  the  y-  peak  is  no 
longer  present,  and  the  y,  peak  has  shifted  to 
higher  temperature.  Using  the  Redhead  approxi¬ 
mation  a  frequency  factor  of  lO’’  and  assuming 
first-order  kinetics  [18],  the  activation  energies 
(F^)  for  y,  and  y,  are  estimated  to  be  22.7  and 
50.3  kcal/mol,  respectively.  The  peak  tempera¬ 
ture  of  420  K  for  the  y,  state  at  ~  3.05  is 
close  to  that  of  CO  from  a  Nidll)  surface  (430 


;  \  CO/Ni/Mo(110) 


Fig.  4.  Thermal  desorption  spectra  of  CO  from  Ni/Mo(110) 
surfaces.  The  Mod  10)  was  dosed  with  the  indicated  Ni  cover¬ 
ages  and  then  with  ~  20  L  of  CO  at  1 15  K. 


K)  [19].  Thus,  a  3  ML  Ni  overlayer  appears  to 
show  CO  chemisorptive  properties  similar  to  a 
Ni(lll)  surface.  The  y-  state  likely  arises  from 
the  recombinative  desorption  of  atomic  O  and  C 
on  the  Mod  10)  surface. 

3.5.  IR  spectra  of  CO  on  Ni  / Moil  10) 

In  this  section,  the  IRAS  spectra  of  CO  ad¬ 
sorbed  on  Ni/ModlO)  will  be  presented  and 
discussed.  As  will  be  seen,  the  ultra-thin  Ni  over- 
layers  show  quite  different  CO  chemisorptive 
properties  compared  to  a  Ni(lll)  surface.  In  ad¬ 
dition.  the  use  of  CO  as  a  probe  molecule  allows 
the  morphology  and  surface  structures  to  be  char¬ 
acterized  by  the  analysis  of  the  frequencies  and 
line  shapes  of  the  CO  IR.AS  peaks.  In  a  previous 
study  of  CO  adsorption  on  a  Nidll)  surface 
using  IRAS,  it  was  reported  that  at  90  K.  satura¬ 
tion  CO  (0.5  ML)  predominantly  occupies  two¬ 
fold  bridging  sites  [20].  Furthermore,  at  elevated 
temperatures,  a  fast  and  reversible  conversion 
between  the  bridge  bound  CO  and  linear  CO  was 
observed  [20]. 

Figs.  5  and  6  show  IRAS  spectra  of  CO  on 
Ni/ModlO)  at  the  indicated  Ni  coverages.  For 
fig.  5,  the  Ni  was  deposited  onto  the  Mod  10) 
surface  at  90  K  followed  by  exposure  to  10  L  of 
CO  and  spectral  collection  at  90  K.  For  fig.  6.  the 
Ni  ovcrlayers  were  annealed  to  900  K  after  Ni 
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Fig.  5.  IR  spectra  of  CO  on  unannealed  Ni/Mo(U0)  surfaces 
at  the  indicated  Ni  coverages.  The  Ni  was  deposited  onto  the 
Mod  10)  surface  at  90  K,  dosed  with  10  L  of  CO,  followed  by 
spectral  acquisition  at  90  K. 
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Fig.  6.  IR  spectra  of  CO  on  annealed  Ni/Mo(110)  surfaces  at 
the  indicated  Ni  coverages.  Ni  was  deposited  onto  a  Mod  10) 
surface  at  90  K,  annealed  to  900  K,  dosed  with  10  L  of  CO, 
followed  by  spectral  acquisition  at  90  K. 


Fig.  7.  Integrated  intensity  and  frequency  of  the  linear  CO  IR 
peaks  in  fig.  5  as  a  function  of  Ni  coverage. 


deposition  and  cooled  to  90  K  for  CO  exposure 
and  spectral  collection.  The  two  main  peaks  at 
~  2100  and  ^  1920  cm"'  in  fig.  5  are  identified 
as  linear  and  two-fold  bridging  CO.  and  the  two 
main  peaks  at  2087  and  2065  cm"'  in  fig.  6  are 
both  identified  as  linear  CO  [20].  The  integrated 
intensities  and  frequencies  for  the  linear  CO  are 
plotted  as  a  function  of  Ni  coverage  in  figs.  7 
and  8. 

Several  points  in  figs.  5-8  are  noteworthy: 

(1)  For  submonolayer  Ni  on  Mo(110),  the 
IRAS  signal  from  CO  on  Mo  is  dramatically 
attenuated.  On  the  unannealed  Ni/Mo(110)  sur¬ 
face,  the  intensiu  of  CO-Mo  is  reduced  to  zero 
at  a  Ni  coverage  as  low  as  0,13  ML.  On  annealed 
Ni/Mo(110)  surfaces,  however,  the  CO-Mo  peak 
at  =  0.1 3-0. 2h  ML  shows  considerable  inten¬ 
sity.  but  has  essentially  disappeared  by  6^^,  =  0.54 
ML.  This  .strong  attenuation  of  the  CO-Mo  peak 
by  the  submonolayer  CO-Ni  overlayer,  is  due  to 
“intensity  tran.sfcr”  [21-2.3]  and/or  “screening" 
[23-26]  effects.  For  “intensity  transfer"  there  is  a 
strong  dipole-dipole  coupling  that  transfers  vi¬ 
brational  intensity  from  a  low  frequency  mode  to 
a  high  frequency  mode  [22].  This  effect  is  most 
evident  when  the  vibrational  modes  are  separated 


J  U'  '  Vltrii  ihin  \/  tilnw  dh  .MtifIlOf 


> 

t  0.10- 

z  _ 

H  {2  0.08 

S  ^  0  0®' 

t-  ca 
<  cc 

£E  <  0.04  - 

o 

LU 

Z  0.02  - 


0.00- 

b 

>• 

Z  ^2090r 
2080- 

O  O  2070- 

lU 

oc  2060  - 

U. 


0.0  0,2 


CO  Ni  Mo(110) 
ANNEALED 


CO  Ni/Mo(110) 
ANNEALED 


- - 1 

i 

0.4  0.6  0.8  1.0  1.2  1.4  1.6 

I'n,  (ML) 


Fig.  S,  Inlogratcd  inien>ity  and  frequency  of  the  linear  CO  IR 
peaks  in  fig  0  a.s  a  function  of  Ni  coverage. 


by  less  than  a  hundred  wavenumbers  as  is  seen  in 
the  spectra  of  co-adsorbed  '-C-''’0  and  '*C-"'0 
where  the  observed  IRAS  peaks  are  at  equal 
intensities  for  a  5r'c  '’C-'’'0  mix¬ 

ture  (23).  In  previous  studies  [24],  a  suppression 
in  the  IR  intensity  of  a  CO-Pt(  1 1 1)  peak  has  also 
been  observed  when  CO  is  co-adsorbed  with 
highly  polarizable  species  (CH,OH.  HjO,  Xe). 
The  polarizable  species  will  induce  a  consider¬ 
able  shielding  of  the  local  electric  field  around 
the  CO  molecule,  "screening  "  its  dipole  moment 
[24].  More  importantly  this  effect  has  also  been 
observed  for  CO  adsorbed  on  submonolayer  Cu 
and  Ag  on  Pt(  1 1 1 )  [25.26].  Due  to  the  polarizabil¬ 
ity  of  the  Cu  and  Ag  adatoms  upon  CO  adsorp¬ 
tion,  the  CO-Cu  and  CO-Ag  ensembles  arc  ef¬ 
fective  at  screening  the  CO-Pt  [25,26].  For 
Ni/Mo(lU)).  previous  XPS  studies  have  shown 
that  submonolayer  Ni  films  are  quite  polarizable, 
with  the  Ni(2P,  0  peak  shifting  -  0.6  cV  upon 
CO  adsorption  [10].  In  addition,  fig.  6  shows  that 
the  CO-Ni  and  CO-Mo  IR  peaks  arc  separated 


by  '  70  cm  ‘.  Together,  these  suggest  that  for 
Ni/.V1o(  1 10).  "screening"  will  be  more  important 
than  intensity  transfer  with  regards  to  the  attenu¬ 
ation  of  CO-Mo  peak  intensity.  As  mentioned 
earlier,  the  attenuation  of  the  intensity  of  the 
CO-Mo  peak  is  less  for  annealed  Ni  overlayers 
than  for  unanncaled  Ni  overlayers.  Upon  anneal¬ 
ing.  the  Ni  overlayers  form  larger  2D  Ni  islands 
on  the  Mot  110)  substrate  and  consequently  more 
Ni  atoms  reside  in  the  island  interiors.  Screening 
is  less  pronounced  since  a  smaller  function  of  the 
Mo  surface  is  in  close  proximity  to  Ni  adatoms. 
Thus.  fig.  6  clearly  shows  that  although  the  Ni 
coverage  docs  not  change  during  the  annealing, 
"screening"  is  less  pronounced  for  the  annealed 
Ni  overlayers  allowing  CO-Mo  features  to  be 
visible  up  to  Ni  coverages  of  0.4  ML. 

(2)  For  the  first  uniform  Ni  layer  (Ov;,  =  1.29 
ML),  CO  predominantly  occupies  linear  sites. 
This  is  in  contrast  with  the  CO/Ni(lll)  system 
where  nearly  all  CO  molecules  bind  to  two-fold 
bridge  sites  at  90  K  [20],  The  binding  energy  of 
the  bridging  CO  on  a  NKlll)  surface  was  re¬ 
ported  to  be  0.3  kcal/mol  higher  than  that  of 
linear  CO  [20],  On  the  Ni(7  x  2)  overlayer,  linear 
CO  is  apparently  more  stable  than  bridging  CO, 
As  mentioned  in  section  3.3.  the  Ni(7  x  2)  struc¬ 
ture  at  Off,  =  1.29  ML  assumes  a  distorted  Ni(  1 1 1 ) 
lattice.  Previous  work  has  also  shown  that  the 
work  function  of  the  (7  x  2)  structure  is  ~  0.47 
eV  lower  than  that  of  a  Nidll)  surface  [9],  and 
that  the  core  level  binding  energies  are  shifted  by 
0.25  eV  [10].  Therefore,  the  difference  in  the  CO 
adsorption  sites  between  the  Ni(7  x  2)  structure 
and  a  Nidll)  surface  can  be  attributed  to  a 
combination  of  lattice  strain  and  electronic  per¬ 
turbation  in  the  Ni  overlayers. 

(3)  Fig.  6  shows  that  the  stretching  frequency 
of  CO  on  the  (7x2)  surface  is  11  cm  '  lower 
than  linear  CO  on  Nidll)  (2054  cm  ' ).  Lor 
unannealed  Ni  multilayers  (~  6  ML),  a  peak  at 
2054  cm  '  is  evident,  and  the  bridging  CO  fea¬ 
ture  (1917  cm'')  has  considerable  intensity.  The 
high  intensity  of  the  bridging  CO  peak  and  the 
appearance  of  a  peak  at  2054  cm  '  strongly 
imply  that  the  Ni  is  forming  3D  clusters  which 
have  adsorption  properties  similar  to  those  of  a 
Nidll)  surface.  The  energy  necessary  for  Ni  to 
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diffuse  and  nucleate  into  3D  clusters  could  origi¬ 
nate  from  its  condensation  energy.  In  a  recent 
paper,  the  diffusion  and  condensation  energy  of 
Ag  atoms  on  a  W(  1 10)  surface  were  calculated  to 
be  3.5  and  50.7  kcal/mol,  respectively  [27].  A 
fraction  of  the  Ni  condensation  energy  is.  there- 
forCj  expected  to  be  sufficient  for  Ni  atoms  to 
migrate  on  the  Mo(110)  surface  and  to  coalesce 
into  3D  clusters  at  these  high  coverages. 

(4)  On  the  annealed  Ni/Mo(110)  surfaces,  the 
linear  CO  peak  shows  an  abrupt  frequency  shift 
at  0.95  ML  <  <  11  ML  (figs.  6  and  8).  For 

0.95  ML,  the  Ni/Mo(  1 10)  surface  is  charac¬ 
terized  by  an  (8  x  2)  LEED  pattern,  while  above 
1.1  ML,  a  (7  X  2)  pattern  is  observed.  Therefore, 
the  abrupt  frequency  change  in  fig.  6  clearly 
reflects  the  surface  structural  phase  transition. 
The  (8  X  2)  and  (7  X  2)  structures  are  character¬ 
ized  by  CO  IRAS  peaks  at  2087  and  2065  cm"', 
respectively  [28].  As  the  Ni  overlayers  change 
from  the  (8x2)  to  the  (7  x  2)  structure,  the  Ni 
surface  density  increases  3%  and  the  surface  work 
function  increases  by  0.26  eV,  approaching  the 
values  for  a  Ni(lll)  surface  (9).  The  CO  TPD 
spectra  (fig.  4)  also  show  a  40  K  increase  in  the 
desorption  temperature  approaching  the  value 
for  CO  on  Ni(lll).  Correspondingly,  during  the 
(8  X  2)  to  (7  X  2)  phase  transition,  the  CO 
stretching  frequency  red  shifts  22  cm~'  to  ap¬ 
proach  that  for  linear  CO  on  a  Ni(lll)  surface. 
Thus,  we  believe  that  the  difference  in  the 
stretching  frequencies  is  due  to  the  different  elec¬ 
tronic  properties  between  the  (8  X  2)  phase  and 
the  (7  X  2)  phase.  In  addition,  figs.  6  and  8  clearly 
show  that  as  the  intensities  of  the  2087  and  2065 
cm"'  peaks  increase,  the  peak  frequencies  re¬ 
main  essentially  unchanged,  implying  a  2D  growth 
mechanism  in  which  the  Ni  islands  grow  via  ex¬ 
pansion  at  the  island  edges.  The  binding  strength 
and  configuration  of  the  CO  at  the  interior  of  the 
islands  is  virtually  unaffected  by  island  expansion. 
A  more  detailed  discu,ssion  on  the  use  of  IRAS 
with  CO  as  a  probe  molecule  to  study  surface 
structural  pha.se  transitions  at  metal-metal  inter¬ 
faces  has  been  given  elsewhere  [28]. 

Fig.  9  shows  the  spectra  for  CO  on  4.2  ML  of 
Ni  on  a  Mo(110)  surface  as  a  function  of  CO 
exposure.  The  Ni/Mo(l  10)  surface  was  annealed 
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Fig.  9.  IR  spectra  of  CO  on  1.2  ML  of  Ni  on  a  Mod  10) 
surface  as  a  function  of  CO  exposure.  The  Ni  aas  deposited 
onto  the  ModlO)  surface  at  90  K.  annealed  to  90)  K.  dosed 
with  the  indicated  CO  exjxtsures,  followed  by  spectral  collec¬ 
tion  at  90  K. 


to  900  K  prior  to  CO  exposure  and  IR  spectral 
acquisition  at  90  K.  The  integrated  intensities, 
full  widths  at  half  maximum  and  frequencies  of 
the  IR  peaks  in  fig.  9  are  plotted  in  fig.  10  as  a 
function  of  CO  exposure.  As  the  CO  exposure  is 
increased  from  0.5  to  6  L,  only  linear  CO  is 
evident.  Bridging  CO  emerges  at  8  L.  This  se¬ 
quence  is  in  direct  contrast  with  the  CO/Ni(lll) 
system  where  the  bridging  CO  appears  first,  sug¬ 
gesting  that  on  the  ultra  thin  Ni  films,  linear  CO 
is  energetically  more  stable  than  the  bridging  CO. 
A  frequency  blue  shift  with  an  increase  in  CO 
exposure  is  generally  observed  for  CO/mctal  sys¬ 
tems  and  is  believed  to  be  due  to  dipole-dipole 
coupling  and  to  electrostatic  effects  [21,22).  It  is 
noteworthy  that  as  the  CO  coverage  increases, 
the  linear  CO  intensity  goes  through  a  maximum 
with  a  concurrent  minimum  in  the  FWHM,  as 
shown  in  fig.  10.  This  minimum  can  be  attributed 
to  the  formation  of  an  ordered  CO  structure. 
Order  in  the  adsorbed  CO  molecules  requires  a 
well  ordered  Ni  overlayer.  The  ordering  of  the 
CO  molecules  is  further  indicated  by  the  highly 
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symmetric  line  shape  of  the  IR  spectra.  It  has 
been  reported  for  C0/Ru(0001)  that  as  the  ad¬ 
sorbed  CO  forms  an  ordered  structure,  (r/3 
X  ^3  )-R30°,  the  corresponding  FWHM  showed  a 
minimum,  due  to  a  reduction  in  the  inhomoge¬ 
neous  broadening  [29],  Thus,  the  decrease  in  the 
FWH^  in  figs.  9  and  10  indicates  that  the  ad¬ 
sorbed  CO  is  well  ordered  and  that  the  order  in 
the  Ni  overlayers  is  preserved  during  CO  adsorp¬ 
tion.  This  preservation  of  the  order  in  the  Ni 
overlayers  is  further  confirmed  by  LEED  results 
which  show  that  the  satellite  spots  of  the  (7  x  2) 
structure  are  present  even  following  a  10  L  CO 
exposure.  Fig.  10  shows  that  the  intensity  of  the 
linear  CO  peak  decreases  for  CO  exposures 
greater  than  4  L.  This  could  be  due  to  depolariza¬ 
tion  [21]  and/or  the  formation  of  bridging  CO. 

Fig.  1 1  shows  the  effect  of  annealing  on  the  IR 
spectra  of  CO  adsorbed  on  Ni/Mo(110).  Ni  was 
evaporated  onto  the  Mod  10)  surface  at  90  K. 
The  “a"  and  “u”  indicate  whether  the  sample 
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Fig.  11.  IR  spectra  of  CO  on  Ni/Mo(110)  surfaces  at  the 
indicated  Ni  coverages.  Ni  was  deposited  onto  a  Mot  110) 
surface  at  90  K,  left  unannealed  fu)  or  annealed  to  900  K  (a), 
dosed  with  10  L  of  CO,  followed  by  spectral  collection  at 
90  K. 


Fig.  10.  Integrated  intensity,  full  width  at  half  maximum  and 
frequency  of  the  linear  and  bridge  CO  IR  peaks  in  fig.  9  as  a 
function  of  CO  exposure. 


was  annealed  to  900  K  or  left  unannealed,  re¬ 
spectively,  after  Ni  deposition  and  before  dosing 
10  L  of  CO  at  90  K.  As  shown  in  fig.  11,  anneal¬ 
ing  0.1  ML  of  Ni  decreases  the  CO-Ni  peak 
intensity  with  a  concurrent  increase  in  the  CO- 
Mo  peak  intensity,  indicating  the  formation  of  2D 
Ni  islands.  As  discussed  above,  as  the  size  of  the 
2D  islands  increases,  the  “screening"  effect  is 
reduced  leading  to  the  increase  in  the  CO-Mo 
peak  intensity.  At  =  0.57  ML,  annealing  yields 
a  symmetric  peak  with  a  frequency  red  shift  of  6 
cm“'  compared  to  the  unannealed  surface.  This 
change  correlates  with  LEED  results  which  indi¬ 
cate  that  at  this  coverage  the  Ni(8  x  2)  structure 
forms  from  disordered  Ni  upon  annealing.  An¬ 
nealing  1.44  ML  of  Ni/ModlO)  induces  a  new 
peak  at  2065  cm"^'  that  is  due  to  CO  adsorbed 
onto  the  Ni(7  x  2)  structure.  It  is  al.so  noteworthy 
that  annealing  decreases  the  bridging  CO  inten¬ 
sity,  indicating  that  small  3D  Ni  clusters  that 
formed  during  deposition  have  dispersed  into  2D 
Ni  islands. 

In  a  previous  study,  it  was  shown  that  anneal¬ 
ing  a  Cu/Rh(I00)  surface  resulted  in  the  forma- 
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tion  of  pseudomorphic  Cu  islands  from  disor¬ 
dered  Cu  atoms  [11],  The  ordered  and  disordered 
Cu  islands  could  be  characterized  by  two  distinct 
CO  IR  peaks.  Figs.  12  and  13  present  data  show¬ 
ing  the  formation  of  Ni(7  x  2)  islands  from  disor¬ 
dered  Ni.  The  spectra  in  fig.  12  were  obtained  by 
dep(^,siting  1.29  ML  of  Ni  at  90  K,  flashing  to  the 
indicated  temperature,  and  then  dosing  with  10  L 
of  CO  at  90  K.  Fig.  13  presents  intensity  and 
frequency  plots  as  a  function  of  annealing  tem¬ 
perature  for  the  spectra  in  fig.  12.  As  the 
Ni/Mo(110)  surface  is  annealed  above  room  tem¬ 
perature,  the  intensity  of  the  peak  at  2068  cm"*, 
which  corresponds  to  CO  adsorbed  on  the 
Ni(7  X  2)  structure,  increases  at  the  expense  of 
the  2100  cm"'  peak  that  corresponds  to  CO 
adsorbed  on  disordered  Ni  islands.  As  in  the 
Cu/Rh(100)  system,  disordered  Ni  and  the  or¬ 
dered  Ni(7  X  2)  islands  are  unambiguously  char¬ 
acterized  by  the  two  CO  IR  peaks  (a  and  ^).  Fig. 
13  indicates  that  up  to  an  anneal  temperature  of 
~  900  K,  the  intensity  of  the  two  peaks  changes 
nearly  linearly,  and  the  frequencies  and  total 
intensity  remain  essentially  unchanged.  The  con¬ 
stant  frequencies  again  imply  a  2D  growth  mech- 
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Fig.  U.  IR  spectra  of  CO  on  Ni/ModlO)  surfaces  at  a  Ni 
coverage  of  1.29  ML.  The  Ni  was  deposited  onto  the  Mod  10) 
surface  at  90  K.  annealed  to  the  indicated  temperature,  dosed 
with  10  L  of  CO  at  90  K,  followed  by  spectral  collection. 
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Fig.  13.  Integrated  intensity  and  frequency  of  the  linear  CO 
IR  peaks  in  fig.  12  as  a  function  of  annealing  temperature. 

anism  with  island  expansion  at  the  island  edges. 
By  using  the  integrated  intensities  to  represent 
the  Ni  coverages  in  the  disordered  and  the  or¬ 
dered  islands,  a  van't  Hoff  plot  can  be  obtained. 
This  plot  yields  an  enthalpy  difference  between 
the  disordered  and  ordered  Ni  islands  of  3.5  ±  0.4 
kcal/mol.  To  deduce  this  enthalpy  difference,  it 
was  assumed  that  the  disordered  and  ordered 
phases  were  in  equilibrium  at  the  anneal  temper¬ 
ature  and  that  the  phases  transformed  irre¬ 
versibly  upon  annealing. 

Figs.  14  and  15  show  the  temperature  depen¬ 
dence  of  the  IR  spectra  of  CO  on  1.29  and  ~  7 
ML  of  Ni  on  Mod  10).  The  Ni  was  deposited  at 
90  K,  flashed  to  900  K,  cooled  to  90  K  for  a  10  L 
exposure  of  CO,  and  heated  to  the  indicated 
temperatures  for  IR  spectra  collection.  The  in¬ 
tensities,  frequencies  and  full  widths  at  half  maxi¬ 
mum  versus  sample  temperature  are  shown  in 
figs.  16  and  17. 

In  fig.  14,  the  CO  IR  spectra  show  a  peak  at 
2068  cm " '  that  arises  from  CO  adsorbed  on  the 
Ni(7  X  2)  overlayer.  For  >  220  K,  CO  begins 
desorbing  with  the  CO  peak  frequency  red  shift- 
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Fig.  14.  IR  spectra  of  CO  on  1.29  ML  of  Ni  on  a  Mod  10) 
surface.  Ni  was  deposited  onto  the  Mod  10)  surface  at  90  K. 
annealed  to  900  K,  and  dosed  with  10  L  of  CO  at  80  K.  The 
spectra  were  then  acquired  at  the  indicated  temperatures. 
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sample  temperature. 


2200  2100  2000  1900  1800 

WAVENUMBER  (cm  ') 


Fig.  I.*!.  IR  spectra  of  CO  on  '  7  ML  of  Ni  on  a  Mod  10) 
surface.  Ni  was  deposited  onto  the  Mod  10)  surface  at  90  K. 
annealed  to  ‘8)0  K.  and  dosed  with  It)  L  of  CO  at  80  K.  The 
spectra  were  then  acquired  at  the  indicated  temperatures. 


ing  due  to  a  reduction  in  dipole-dipole  coupling. 
No  CO  conversion  from  linear  to  bridge  sites  is 
evident.  Fig.  16  indicates  a  constant  integrated 
intensity,  FWHM  and  frequency  at  90-200  K.  As 
CO  begins  to  desorb  at  >  220  K.  the  integrated 
intensity  increases  and  the  frequency  decreases 
due  to  the  decrease  in  depolarization.  In  fig.  16. 
the  FWHM  also  increases  due  to  inhomogeneous 
broadening  [21.22]. 

For  CO  on  Ni  multilayers  ( 7  ML),  the  spec¬ 
trum  at  80  K  shows  features  from  both  linear  and 
bridging  CO  (2066  and  1908  cm”',  respectively). 
The  TPD.  LEED  and  AES  results  mentioned 
above  indicate  that  the  morphology  of  this  sur¬ 
face  is  a  uniform  layer  (the  (7  x  2)  structure) 
covered  with  3D  clusters  having  a  slightly  dis¬ 
torted  NKl  1 1)  lattice.  The  CO  adsorbed  onto  the 
3D  clusters  and  onto  the  (7  x  2)  layer  apparently 
gives  rise  to  the  features  at  1908  and  2066  cm' 
respectively.  Fig.  17  clearly  shows  that  as  the 
sample  temperature  is  increased  from  90  to  220 
K,  the  intensity  of  the  linear  CO  peak  increases 
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Fig.  17.  Integrated  intensity,  full  width  at  half  maximum  and 
frequency  of  the  linear  and  bridging  CO  IR  peaks  in  fig.  15  as 
a  function  of  sample  temperature. 


continuously,  while  the  bridging  CO  intensity  be¬ 
gins  decreasing  at  >140  K.  The  conversion 
between  linear  and  bridging  CO  on  the  7  ML  Ni 
overlayers  is  similar  to  CO  on  a  Ni(IlI)  surface 
[20],  further  demonstrating  that  the  7  ML  Ni  thin 
films  resemble  a  Ni(lll)  surface  with  respect  to 
CO  adsorption. 

In  several  recent  studies,  metal  overlayers  have 
been  deposited  onto  CO  prccovcred  metal  sur¬ 
faces  [30-33).  It  has  been  reported  for  Cu  deposi¬ 
tion  onto  C0/Ru(0001)  and  Co/W(l  10)  that  the 
complex  structures  Cu/CO/Ru(00()l )  [30]  and 
Cu/CO/W(110)  [31]  arc  formed  at  -  90  K.  The 
deposition  of  Pd  onto  CO/W(110)  and  Cu  onto 
CO/Rh(100),  however,  were  reported  to  gener¬ 
ate  the  more  conventional  structures  CO/ Pd/ 
W(  1 10)  [32]  and  CO/Cu/Rh(  100)  [33]  due  to  CO 
diffusion  from  the  substrate  surface  onto  the 
metal  overlayers.  Figs.  18  and  19  present  the  CO 
IR  spectra  that  were  obtained  from  Ni  deposition 
(~0.1  and  1.6  ML)  onto  a  CO  prccovcred 
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Fig.  18.  CO  IR  spectra  obtained  as  lollows:  a  Mot  110)  surface 
was  exposed  to  10  L  of  CO  at  80  K;  -  0.1  ML  of  Ni  was 
deposited  onto  the  CO/Mo<  1 10)  surface  at  80  K;  the  spectra 
were  then  collected  at  the  indicated  temperatures. 

MofllO)  surface  al  80  K.  followed  by  heating  to 
the  indicated  sample  temperatures  for  IR  spec¬ 
tral  acquisition.  The  peak  at  -  2085  cm~  '  for  the 
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Fig.  19,  CO  IR  spectra  obtained  as  folK>wv  a  Mt>*  1  lot  surface 
uas  exposed  to  U)  F  of  CO  at  SO  K.  \  ni  MI  td  Ni  w.iv 
deposited  onto  the  C()/Mt>(  1  ]())  surface  at  so  K.  the  spectra 
were  then  Ci)Hectcd  al  the  indicated  icmpefatures 
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CO/Mo(110)  spectrum  in  each  figure  is  due  tu 
lovv-Ievel  C  contamination. 

It  is  dear  from  figs.  18  and  Ih  that  the  deposi¬ 
tion  of  Ni  at  80  K  induces  a  new  peak  at  "  2100 
cm" '.  This  peak  is  due  to  CO  adsorbed  onto  Ni 
and  indicates  that  CO  has  diffused  onto  the  Ni 
ONcrjayers.  The  peaks  at  ~  202.‘'  (tig.  18)  and 
1940  cm"'  (fig.  19)  arise  from  CO  adsorbed  onto 
the  Mo  substrate  and  from  bridging  CO  on  3D  Ni 
clusters,  respectively.  1  he  asymmetric  peak  shapes 
for  the  80  K  .spectra  indicate  that  the  Ni  atoms 
arc  di.sordered.  As  the  sample  temperature  is 
increased,  the  intensities  of  CO-Ni  and  CO-Mo 
remain  essentially  unchanged,  indicating  that  the 
spill-over  of  CO  from  Mo  to  Ni  at  80  K  is 
complete.  This  also  indicates  negligible  diffusion 
of  CO  between  Ni  and  Mo  sites.  In  fig.  19. 
heating  the  surface  to  256  K  induces  a  new  peak 
at  2064  cm " '  th;it  corresponds  to  CO  adsorbed 
onto  a  Ni(7  X  2)  overlayer.  The  invariant  bridging 
CO  intensity  indicates  that  there  is  little  transfer 
of  CO  from  the  bridged  to  the  linear  sites.  The 
binding  energies  of  Ni  and  CO  on  a  Mod  10) 
surface  are  92  and  23  kcal/moi.  respectively  (sec 
sections  3.2  and  3.4).  This  difference  (69 
kcal/mol)  apparently  senes  as  the  driving  force 
for  the  CO  migration. 


4.  Summary 

In  this  paper,  we  have  reported  and  discussed 
the  e.xperimental  results  for  ultra-thin  Ni  films 
supported  on  a  Mod  10)  surface  in  terms  of  film 
morphology,  structures,  surface  phase  transitions, 
CO  ailsorption  and  CO  surface  diffusion.  The 
m;iin  conclusions  are  summari/ed  as  follows: 

(1)  The  ACS  results  show  that  Ni  grows  on  a 
Mod  10)  surface  layer  by  layer  at  T.,  =  1 15  K 
Upon  annealing.  Ni  multilayers  form  3D  clusters 
at  y;  >  600  K. 

(2)  1  wo  peaks  ( and  /30  are  obsened  in  the 
desorption  spectra  of  Ni  from  Mo(  1 10)  and  ctrrre- 
spond  to  desorption  of  3D  Ni  clusters  and  the 
first  uniform  layer,  respectively.  The  desorption 
of  the  3D  clusters  follows  zero  order  kinetics  with 
an  actisation  energy  of  91.9  kcal/mol. 


(3)  1  \U'  l,t-4-  l)  '■Iruclure-- o  s  .  ;  '  .e  . 

are  ohserced  tor  Ni  .\lo(  1  loi '.inl.i, .  -  U.  . 
Structures  are  interpreted  to  hs  di':.  N.i  , 
lattices.  The  (S  2)  structure  is  i, i  •:  e  ■ 
form  into  the  17  2)  siruciure  .ii  Ni  ,  ■.s’s., 

between  0.95  aiui  1.29  Ml., 

(4)  rPD  spectr.i  of  CO  from  tlu  uui:’ 
layer  of  Ni  on  a  Mot  1111)  surf. ice  shoA  Jl-a'i p' : 
peaks  with  actis.ition  energies  louci  :h.iii  tiv', 
from  a  Ni(lll)  surface,  due  to  .m  eiecironu  ps : 
turbation  of  the  Ni  over' 'yer  by  the  snbsir.iie 

(5)  For  submonolayer  Ni  on  a  M.'illoi  si.r- 
facc,  CO  predominantly  occupies  line.ir  sites 
Bridging  CO  is  mainly  found  on  3D  Ni  clusters 
that  have  a  distorted  Ni(  111)  structure. 

(6)  On  an  annealed  Ni/Mo(110)  surf.ice.  the 
(8  X  2)  to  (7  X  2)  structural  phase  transition  is 
clearly  reflected  in  the  CO  IR  spectra.  The  two 
structures  are  characterized  by  CO  stretching  fre¬ 
quencies  at  2087  and  2065  cm  ’ respecti\ely. 
Furthermore,  the  formation  of  ordered  (7x2) 
islands  from  disordered  Ni  upon  annealing  is  also 
indicated  in  the  CO  IR  spectra. 

(7)  The  deposition  of  Ni  onto  a  CO  pre- 
saturated  Mod  10)  surface  at  7'„  =  80  K  causes 
CO  to  spill-over  from  the  Mo  surface  to  the  Ni 
overlayer,  and  thus  leads  to  a  CO/.\i/.\Io(  1 10) 
structure. 
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